Abstract -Close-spaced vapor transport (CSVT) uses solid precursors to deposit material at high rates and with high precursor utilization. The use of solid precursors could significantly reduce the costs associated with III-V photovoltaics, particularly if growth on Si substrates can be demonstrated. We present preliminary results of the growth of GaAs 1-x P x with x ≈ 0.3 and 0.6, showing that CSVT can be used to produce III-V-V' alloys with band gaps suitable for tandem devices. Additionally, we have grown GaAs on Si by first thermally depositing films of Ge and subsequently depositing GaAs by CSVT. Patterning the Ge into islands prevents cracking due to thermal mismatch and is useful for potential tandem structures.
I. INTRODUCTION
Vapor transport methods for III-V semiconductor deposition are attractive due to the relative simplicity and potential low cost as compared to metalorganic vapor phase epitaxy. The use of a solid source eliminates costs and hazards associated with typical gaseous precursors (e.g., AsH 3 and Ga(CH 3 ) 3 ), and many III-V alloys can be grown under a hydrogen ambient using water vapor as a benign transport agent. GaAs grown by close-spaced vapor transport has sufficiently high minority carrier diffusion lengths to be feasible for use as an absorber in a photovoltaic (PV) structure [1] - [3] .
In close-spaced vapor transport (CSVT), the source material and substrate are separated by a distance much less than their lateral dimensions (usually <1 mm). High growth rate (>1 µm/min) and material utilization (>95%) are possible using this geometry [4] . In our reactor, melt-grown GaAs wafers are used as substrates and are separated from the source material by a circular quartz ring. For n-type doping, the source material contains either Ge or Te, which both transport with near-unity efficiency. P-type doping can be achieved using Zn, which transports with approximately 1% efficiency, and thus must be present at roughly 100 times the concentration in the source as is desired in the grown film. We have demonstrated that doping can be controlled by direct addition of Zn powder to undoped GaAs powder, which is pressed into pellet form for convenient handling [5] .
GaAs films grown by this method have sufficient electronic quality for PV devices, and unpassivated homojunction devices have been fabricated with V oc >900 mV [2] . The growth of ternary alloys with similar properties should in principle be possible. In particular, we have grown a GaAs 1-x P x film with composition near to that needed for a 1.8 eV bandgap, which is ideal for a tandem device on Si.
Direct growth on Si using CSVT has been reported, [6] , [7] however epitaxy appears to be inhibited by the formation of a stable oxide layer on the Si when using H 2 O as a transport agent. As an alternative, we have used virtual Ge substrates in which a thin layer of Ge is first deposited thermally on Si prior to III-V growth. This method is advantageous since Ge is nearly lattice-matched to GaAs, its native oxide is volatile enough to be removed in-situ in a CSVT reactor, and virtual Ge substrates have been shown to be effective in mitigating the formation of defects caused by the lattice and thermal mismatch between Si and GaAs [8] , [9] . The use of virtual Ge substrates has potential for cost reduction over Ge wafer substrates for multi-junction III-V cells. Alternatively, CSVT could be integrated into an existing Si production line for deposition of a III-V top cell in a tandem architecture.
II. TERNARY ALLOYS
When using MOVPE for growth of ternary III-V alloys, mixing is most often performed on the group III sublattice rather than the group V sublattice (III-III'-V systems). Alloying of the group V element is more difficult for a number of reasons, but in particular due to the difference in the rate of pyrolysis for precursors such as AsH 3 and PH 3 [10] - [12] . Since CSVT makes use of solid precursors, pyrolysis is not required for group V element incorporation and better control of the group V composition may be possible. pestle. After mixing the powders, they were mechanically pressed into pellets prior to use as source material. Films were grown with a source temperature of 920 °C and substrate temperature of 900 °C for 20 minutes. Table 1 shows the atomic percentage of P in the sources and subsequent films, which were determined by mass and x-ray diffraction (XRD, Fig. 1 ), respectively. Fig. 1 . A) XRD 2θ scans for the 30% (blue) and 70% (red) P content films showing the GaAs (004) peak as well as the GaAs 1-x P x (004) peaks. B) XRD rocking curves on the (004) peaks of the same samples, as well as the GaAs (004) peak for a bare substrate.
Scanning electron micrographs of the GaAs 1-x P x samples show rough surfaces (likely a result of the lattice mismatch between substrate and film) and opportunistic microstructures. This disorder is reflected by the substantially larger full-width at half-maximum (FWHM) values of the GaAs 1-x P x films relative to the GaAs reference.
III. VIRTUAL GE SUBSTRATES
Epitaxial growth of GaAs on Si using CSVT is only possible if the Si surface is not oxidized. This is difficult while using H 2 O as a transport agent since the surface will oxidize except under very low H 2 O concentrations. On the other hand, if a layer of Ge is deposited on the Si substrate growth is possible since the Ge oxides are much more volatile. Moreover, GaAs is nearly lattice-matched to Ge, so the density of dislocation defects should be smaller, especially if the dislocation density in the Ge virtual substrate can be reduced prior to GaAs growth.
The thermal mismatch between Ge and Si leads to cracking of large-area films during cooling for normal GaAs growth conditions (Fig. 2) . To avoid cracking, Ge can be deposited as islands or deposited as a large-area film and etched into islands, such that the strain is limited below the threshold for crack formation. In order to produce GaAs films without cracking, Si substrates were photolithographically patterned and 50 -60 nm of Ge was thermally evaporated through openings in the pattern. Two different lithography patterns were used, as shown in Fig. 3 . For the smaller, circular islands, GaAs tends to overgrow the pattern and growth time must be limited to avoid aggregation.
Ge films deposited onto an unheated Si substrate are amorphous. To grow epitaxial films, the substrates were placed onto a heated stage and 50 nm of Ge was deposited at 350 °C. High resolution x-ray rocking curve measurements were performed on the unpatterned Ge films to gauge their relative quality. The as-deposited films have a high full width half maximum (FWHM) of 0.58° but this is reduced to a minimum of 0.15° by cyclic annealing between 800 and 900 °C as shown in Fig. 4 . In contrast, thick Ge films on Si have 978-1-4799-7944-8/15/$31.00 ©2015 IEEE been reported to have a FWHM as small as 0.0116° corresponding to threading dislocation densities (TDD) of ~10 6 cm -2 [8] , [9] . Using micropatterned Ge should improve the TDD since the dislocations are more likely to terminate at the edge of an island. Future work will be needed to measure the TDD using cross-sectional transmission electron microscopy. Epitaxial growth of GaAs on Ge wafers has been reported using CSVT but requires the use of a "temperature inversion" step in which the substrate temperature exceeds the source temperature [13] . This step serves to remove the Ge oxides from the surface in-situ. The microstructures shown in Fig. 5 were grown with T src = 800 °C and T subst = 760 °C and show the effect of the temperature inversion step in which T src = 700 °C and T subst = 750 °C. Without the temperature inversion, GaAs nucleates into many small faceted islands which coalesce into a textured surface with many apparent grain boundaries. Additionally, growth is very sensitive to the time at which water vapor is injected into the reactor. This may be due to partial re-oxidation of the Ge during the temperature ramp. For optimized conditions, we have observed the growth of pyramidal GaAs microstructures which are likely terminated by {110} planes. Similar microstructures have been observed in GaAs homoepitaxy on (100)-oriented substrates, though for circular islands the patterns are more obviously truncated by {111} planes [14] . Fig. 6 shows scanning electron microscope images of several of the microstructures shown in Fig. 5C . The fact that a large fraction of the microstructures are not completely pyramidal suggests that the temperature inversion step may not be long enough to completely remove the oxide. 
IV. DISCUSSION
Initial results in growing GaAs 1-x P x films are promising as we have demonstrated good control of the film composition at both high and low P concentrations. Further work is needed to control doping of these films and improve their surface morphologies as well as characterize their electrical properties. Other ternaries such as In 1-x Ga x P may also be possible using a similar preparation, which would allow for growth of material lattice-matched to GaAs or Ge.
The use of Ge virtual substrates is a useful method for exploring growth on GaAs on Si in our reactor towards lowcost manufacture of multi-junction PV devices. Another possible application is integration of CSVT GaAsP top cell with a Si bottom cell for a solar water splitting device. For such a device, a conformal contact could be made using a transparent oxide which would also serve as a passivation and protective layer. In this case, it is necessary to optimize both the coverage of the GaAs/Ge and the thickness of the Ge interlayer for photocurrent matching. Further work will be necessary to characterize the propagation of dislocation defects into the GaAs since they are not expected to terminate within a thin layer of Ge.
